[1] New apatite and zircon (U-Th)/He ages from the Fiordland region of New Zealand's South Island expand on earlier results and provide new constraints on patterns of Late Cenozoic exhumation and cooling across this region. Zircon (U-Th)/He cooling ages, in combination with increased density of apatite ages, show that in addition to a gradual northward decrease in cooling ages that was seen during an earlier phase of this study, there is also a trend toward younger cooling ages to the east. Distinct breaks in cooling age patterns on southwestern Fiordland appear to be correlated to the location of previously mapped faults. The northward decrease in ages may reflect asynchronous cooling related to migration in the locus of exhumation driven by subduction initiation, or it may reflect synchronous regional exhumation that exposed different structural levels across Fiordland, or some combination of these effects. In either case, differential exhumation accommodated by major and minor faults that dissect Fiordland basement rocks apparently played an important role in producing the resulting age patterns.
Introduction
[2] Late Cenozoic exhumation of the Fiordland region of New Zealand's South Island temporally coincides with the timing of increased convergence across the adjacent segment of the PacificAustralian plate boundary [House et al., 2002; Walcott, 1998 ]. Low temperature thermochronometric data (apatite (U-Th)/He and fission track ages) show a more or less continuous northward decrease in age that has been interpreted to reflect the coincident migration of the locus of bedrock uplift and exhumation related to subduction initiation offshore to the west [House et al., 2002] . Persistence of a large positive Bouguer gravity anomaly centered on the region of most recent bedrock uplift attests to the isostatic disequilibrium of Fiordland and provides an additional link to subduction initiation as the cause of the exhumation [Toth and Gurnis, 1998 ].
[3] We report here new apatite and zircon (U-Th)/ He cooling ages from Fiordland that expand the scope of our original study and provide a more complete picture of how Late Cenozoic exhumation is distributed across Fiordland. Our results confirm previously identified patterns of cooling ages, but also indicate that southwest Fiordland has a cooling history that is distinct from that of regions to the north and northeast. Zircon (U-Th)/ He cooling ages-the first from this region-allow us Figure 1 . Geologic map and plate setting of Fiordland [Bradshaw, 1990; Muir et al., 1998 ]. to better constrain spatial variations in the timing of the onset of Late Cenozoic exhumation and provide limits on the total amount of exhumation.
Tectonic Setting and Geology of Fiordland
[4] Fiordland, southwestern South Island, New Zealand, stands as a topographically elevated region situated above the leading edge of the over-riding plate at the highly oblique PacificAustralia nascent subduction zone (Figure 1 ). The subducting Australian plate is seismically active and imaged as a steeply-dipping high seismic velocity zone to depths of about 150 km beneath Fiordland [Eberhart-Phillips and Reyners, 2001 ]. The slab is highly curved in its upper part and the surface trace of the subduction interface lies 40 km northwest of the Fiordland coast. Surficial deformation offshore is partitioned into shortening of the Fiordland Basin accretionary wedge, and dextral strike-slip displacement on the Alpine Fault [Barnes et al., 2001] . Shortening of the Pacific plate to the east of the Alpine Fault is distributed across a zone 250 km wide in southern South Island that encompasses Fiordland.
[5] A complex zone of faulting in the western Te Anau Basin that continues northward as the Hollyford Fault System [Norris and Turnbull, 1993; Oliver and Coggon, 1979] defines the eastern limit of plutonic and high-grade metamorphic basement rock that underlie Fiordland (Figure 1 ). North of Dusky Sound, western and central Fiordland contain a wide range of Cretaceous amphibolite and granulite facies metamorphic rocks, including the Western Fiordland Orthogneiss that are juxtaposed with a belt of low grade Triassic-Early Cretaceous metaplutonic and metavolcanic rocks (Eastern Fiordland Belt, Median Tectonic Zone, or Median Batholith) [Bradshaw, 1989 [Bradshaw, , 1990 Clarke et al., 2000; Daczko et al., 2001; Kamp, 1986; Kimbrough et al., 1994; Mortimer et al., 1999; Muir et al., 1998; Oliver and Coggon, 1979; Tulloch, 1983; Ward, 1984] .
[6] The metamorphic grade and exposure level of basement rocks decreases significantly in southwestern Fiordland, to the south of the Dusky Fault [Cooper, 1989; Ward, 1984] . Basement rocks south of Dusky Sound can be roughly divided into two terranes: the Fanny terrane on the west consists of low-to medium-grade quartzites and argillites, while the Goodyear terrane on the east is composed of 350 -370 Ma plutonic rocks that intrude amphibolite facies metapelites and metavolcanics [Muir et al., 1998; Tulloch, 1983; Ward, 1984] .
[7] Patterns of Cenozoic exhumation of Fiordland have changed since initiation of the AustraliaPacific plate boundary through New Zealand in Eocene time [Ward, 1984; Wood et al., 1996] . A record of the changing paleogeography is partly preserved in remanent adjacent sedimentary basins [Norris and Turnbull, 1993; Turnbull et al., 1993] . Middle and Late Eocene conglomerates are mainly derived from eastern Fiordland and are interpreted as proximal deposits to normal faults. Normal faults with clearly imaged Middle Eocene-Early Oligocene growth strata are imaged by seismic reflection data to the south and east of Fiordland [Norris et al., 1978; Turnbull and Uruski, 1995; Turnbull et al., 1993] . Significant paleogeographic changes in Late Oligocene and Early Miocene times adjacent to Fiordland, combined with evidence for the onset of folding in the Southern Alps, has led previous workers to hypothesize that this is when a change to locally transpressive strike-slip motion occurred and the Alpine Fault initially formed [Kamp, 1986; Norris and Turnbull, 1993; Turnbull et al., 1993] . More recent analysis of seafloor-spreading in the southwest Pacific confirms that plate motion through New Zealand changed to dominantly strike-slip and significantly accelerated at 26 Ma [Cande et al., 2000] . Previous analyses of the geometry of the Fiordland subduction zone have suggested that initial convergence occurred in either Early, Middle, or Late Miocene times [Davey and Smith, 1983; House et al., 2002; Lebrun et al., 2003; Walcott, 1998 ]. Convergence since 6 Ma resulted in widespread tectonic uplift of Fiordland and increased transpression along the Alpine Fault in central South Island resulted in substantial topographic growth of the Southern Alps [Batt et al., 2004; Batt and Braun, 1999; Sutherland, 1996; Tippett and Kamp, 1993; Walcott, 1998 ].
Exhumation and Uplift of Fiordland
[8] Apart from a restricted coastal strip in the vicinity of Milford Sound, all rocks that have been analyzed thermochronometrically from Fiordland cooled through temperatures of 250-350°C during Cretaceous time [Gibson, 1982; Gibson et al., 1988; Kimbrough et al., 1994; Marks and Tikku, 2001; Muir et al., 1998; Nathan et al., 2000] [Davids, 1999] . Apatite fission track and (U-Th)/He cooling ages show that the southern Dusky Sound and Hauroko regions cooled earlier and more slowly than regions to the north, although extreme ranges in cooling age are not detected using these low temperature techniques [House et al., 2002] . The apatite fission track and (U-Th)/He data indicate a distinct acceleration in exhumation in southern Fiordland at 12 Ma, while In cooling ages in central and northern Fiordland are up to 5-7 m.y. younger. However, the spatial distribution of these ages is not sufficient to determine how the transition from older to younger ages is distributed throughout Fiordland.
(U-Th)/He Thermochronometry
[9] Provided that exhumation removes at least 2-3 km of material, then it may be detected using low Also shown is the Fiordland gravity anomaly (Bouguer onshore and Free-Air offshore [Davey and Smith, 1983] temperature thermochronometry. Given a nominal geothermal gradient in the 20-30°C/km range and a 5°C surface temperature, exhumation from depths of 2-3 km ought to be accompanied by cooling from above temperatures 70°C, and so should be recorded by (U-Th)/He apatite thermochronometry (AHE), a technique with a closure temperature of 70°C [Farley, 2000] . In actual fact, the transition between quantitative loss and retention of helium in apatite occurs over a thermal window of 40-70°C the helium partial retention zone, similar to the apatite fission track partial annealing zone. The (U-Th)/He closure temperature, taken to be the temperature at the base of the helium partial annealing zone, scales with apatite grain size (larger grain sizes have higher closure temperatures). Although the grain-size effect is slight (from 75-150 micron prism diameter, the closure temperature varies by just 6°C) it can be used to advantage in samples with a range of grain sizes. Thus an apatite (U-Th)/He age provides an additional information on the time-temperature history of a specific sample, permitting documentation of exhumational histories from extremely shallow levels in the Earth's crust.
[10] The low temperature cooling history of a rock can be expanded more by using (U-Th)/He zircon thermochronometry (ZHE) with a closure temperature of 180 ± 20°C (possibly corresponding to depths of 6-9 km given the assumptions above) [Reiners and Farley, 1999] .
[11] Our sample strategy was devised to further delineate the northward decrease in cooling ages observed in our pilot study as well as to investigate whether any significant east-west variations in cooling ages exist, and how they might be accommodated. We focused on 4 general regions ( Figure 2 ): (1) Long and Edwardson Sounds; (2) Wet Jacket Arm (including Resolution Island); (3) Doubtful Sound (including Wilmot PassSecretary Island); and (4) George Sound. Samples were collected from sea level and from elevations centered on a reference datum of 1100 ± 100 m above sea level, as well as one additional sample from 1500 m. Comparison of spatial variations in cooling ages for sea level samples should further delineate patterns of differential exhumation identified in our first study and allow us to extend this comparison into southern Fiordland. Cooling ages from the reference elevation horizon can also be compared toward the same end and can be used in combination with nearby sea level samples to evaluate first order variations in exhumation rates across the region by comparing the age-elevation relationships that result.
[12] AHE and ZHE ages were obtained at the Caltech Noble Gas Laboratory. Apatites were analyzed using methods described by House and others [House et al., 2000] , while zircons were analyzed following Farley and others [Farley et al., 2002] . Analytical details and results are shown in Tables 1 and 2 . (Figures 2 and 3a) . Sea level samples were also collected from western Resolution Island and the head of Wet Jacket Arm (samples MH02-103 and MH02-98, respectively), and at elevation from eastern Resolution Island (MH02-61, 1083 m) and at the head of Wet Jacket Arm (MH02-64, 1066 m).
Apatite (U-Th)/He Results
[14] AHE ages for sea level samples from the heads of Wet Jacket Arm and Long Sound, respectively, are 3.8 ± 0.5 Ma and 6.5 ± 0.9 Ma (Figure 4a ), while the rest of the sea level samples from this region yield older ages (from 10.0 ± 1.4 Ma in central Edwardson Sound to 14.8 ± 2.7 Ma on western Resolution Island). Except for the significantly younger samples at the heads of Notes to Table 1 : a Error is the 2 sigma standard error [Farley et al., 2001] : 0.117*2*(average age)/sqrt (N), where N is the number of replicates and 0.117 is the average standard deviation of the entire data set. Easting and Northing refer to New Zealand map grid coordinates; elevation is with respect to sea level. F t is computed from grain size measurements (radius, R, and length, L) following the method of Farley et al. [1996] . All samples consist of single crystals and were outgassed using the Nd-YAG approach of House et al. [2000] . Each age discussed in the text is the average computed from multiple single crystal aliquots of apatite. The average grain-radius of the apatite samples analyzed is 67 ± 14 microns, corresponding to a closure temperature of 77°C, assuming a linear cooling rate of 10°C/m.y. [Farley et al., 1996] .
b Samples collected from Manapouri Tunnel. All sample locations are reported using coordinates in meters in terms of the New Zealand Geodetic Datum of 1949. Wet Jacket and Long Sound, there is no systematic relationship between cooling age and position along any of the sounds.
[15] AHE cooling ages from the 1100 m samples are generally older than adjacent sea level samples and show the same jump to younger ages at the eastern limit of Wet Jacket Arm: the AHE age of MH02-64 at the head of Wet Jacket Arm is 5.0 ± 0.5 Ma, while ages to the southwest are considerably older (MH02-31 is 18.4 ± 2.5 Ma and MH02-62 is 12.5 ± 2.1 Ma). One sample (MH02-61, from eastern Resolution Island) is younger than the closest sea level sample (9.8 ± 1.5 Ma), however. Table 1 ) and generally exhibit a positive correlation with elevation (ranging from 1.0 ± 0.5 Ma to 4.2 ± 0.6 Ma). A single sample from Secretary Island (MH02-56, 1211 m) yielded an age of 4.6 ± 0.5 Ma. This sample is 1 m.y. older than the age observed at a similar elevation at Wilmot Pass. Samples from the north and east of the head of Doubtful Sound (MH02-14, 1122 m and MH02-17, 1414 m) are older still (5.1 ± 0.8 Ma and 5.5 ± 0.9 Ma, respectively) than samples from comparable elevations to the west (Figure 4b ).
Central Fiordland: Wilmot Pass to Outer Doubtful Sound

Northern Fiordland: George Sound Region
[17] Five samples were analyzed from the George Sound region (Figures 2 and 3c) : two at sea level (MH02-76 at the head of the sound in the east and MH02-82 at the mouth to the west), two at elevation (MH02-3 from 1160 m at the head and MH02-52 from 1075 m from the mouth of the sound), and one additional sample located to a Sample locations are shown in Table 1 . Zircons are all euhedral and approximately equidimensional (R a R b ). F t correction computed following Farley et al. [1996] . All samples consist of single crystals and were outgassed using the Nd-YAG approach of House et al. [2000] and were dissolved for U-Th analysis using the method of Farley et al. [2002] .
b Error is the 2 sigma standard error computed following the method of Farley et al. [2001] : 0.32*2*(average age)/sqrt (N), where N is the number of replicates and 0.32 is the average standard deviation of the entire data set. Each age discussed in the text is the average computed from multiple single crystal aliquots of zircon. All sample locations are reported using coordinates in meters in terms of the New Zealand Geodetic Datum of 1949. the north of George Sound from 1100 m elevation (MH02-33). The AHE ages from the sea level samples are 1.9 and 2.6 Ma, while adjacent high elevation samples are consistently older (2.7 and 3.6 Ma, respectively). In addition, the ages of both sea level and 1100 m samples at the mouth of the sound are all roughly 1 Ma older than samples at similar elevations farther to the east (Figure 4c ). Sample MH02-33 to the north is considerably younger than the other samples (1.4 ± 0.2 Ma).
Zircon Results
[18] Zircons from a subset of samples were analyzed in order to constrain a portion of the higher temperature cooling history of Fiordland. Samples were selected in order to obtain ages from a range of elevations in locations across central and southern Fiordland, including the head of Wet Jacket Arm (MH02-64 and MH02-98), along Long Sound (MH02-113 and MH02-31) and at the head of George Sound (MH02-03 and MH02-76). For each site, samples from sea level and nearby at 1100 m elevation were selected for analysis (Table 2) .
[19] In general, the ZHE cooling ages from southern Fiordland are significantly older than those from the north (Figure 5) . At Long Sound, ZHE ages range from 89.6 Ma at sea level to 112.2 Ma at 1136 m, while they are significantly younger at George Sound and Wet Jacket Arm. For example, a single sea level sample from George Sound is 4.3 Ma compared to 11.2 Ma at 1160 m. Ages from the head of Wet Jacket Arm are also young: compare 13.6 Ma at sea level to 13.9 Ma at 1066 m (Figures 3 and 5) .
Discussion
[20] AHE ages from upper Wet Jacket Arm, George Sound, and the Doubtful Sound region are consistent with previously reported results [House et al., 2002] showing a similar trend toward younger cooling ages in the north. The data indicate that cooling from temperatures of >77°C (presumably related to exhumation from depths of 2-3 km) has occurred since 5 Ma in central Fiordland (Wet Jacket and Wilmot), but is slightly younger to the north (3-2 Ma at George Sound). Sea level AHE ages show that southwest Fiordland, which had not been previously studied, cooled through the AHE closure isotherm roughly 10-8 m.y. earlier than northern and central Fiordland, respectively (Figure 4) . [21] In addition to the general southward increase in AHE ages across Fiordland, there is a slight east to west variation in AHE ages apparent at several locations. Comparison of cooling ages from sea level and at 1100 m in George Sound and at Doubtful Sound shows that cooling ages to the west are slightly older than those to the east in both locations (Figure 4) . In both areas, the exhumation rates are similar as indicated by the age-elevation relationships, but relative ages differ by 1 m.y.
[22] Preservation of older AHE ages to the south has been interpreted to reflect the northward migration of a locus of bedrock uplift and exhumation related to subduction initiation [House et al., 2002] . However, these age patterns may also reflect differential uplift that produced significantly different amounts of exhumation that are responsible for the range of cooling ages that we observe. For example, slightly older AHE ages in western Fiordland relative to those in the east may reflect increased bedrock uplift (and resulting exhumation) by faults that parallel the coast, so that deeper crustal levels with younger ages are exposed to the east, while concurrent (but less pronounced) bedrock uplift and exhumation to the west preserved older ages in rocks that were exhumed from shallower crustal levels. Brittle faults are widespread in Fiordland and although no individual fault need have a very large throw, the net result may be significant. For example, if these coast parallel faults acted as west-vergent reverse faults, as would be expected in the overriding plate above an active subduction zone, they would produce age patterns like those observed.
[23] The case for fault-related differential uplift and exhumation is stronger in southwestern Fiordland, where AHE ages show discontinuities across at least one major structure. The spatially localized shift (1-5 m.y.) in ages from sea level samples within Long and Edwardson Sounds appears to correspond to the position of the Last Cove fault (Figure 1 ). This structure, which bounds the Kakapo granite on the east and extends northward along the Acheron Passage (Figure 1 and Figure 2 ), clearly defines a major basement terrain boundary.
[24] AHE and AFT ages that span the Dusky fault increase gradually from north to south across this region, no obvious break in low-temperature cooling ages is apparent in the data near the fault. However, higher temperature cooling ages from the region (K-feldspar  40 Ar/   39 Ar and ZFT) reveal a significant jump to younger ages in the north, not only across Dusky Sound, but also across Wet Jacket Arm [Davids, 1999] . These patterns of ages suggest that faults underlying both Dusky Sound and Wet Jacket arm may have accommodated significant offsets prior to Miocene times, but have largely been inactive or have accommodated only minimal offset since. More information is needed to determine the magnitude of this offset however.
[25] Cooling ages from eastern Dusky and Long Sounds and Wet Jacket Arm are similar at a given elevation to those from Lake Hauroko, which lies within the median Tectonic zone to the east (Figure 1 ). This similarity in ages among samples from the Southwestern Fiordland block, the Central Belt and the Median Tectonic zone suggests that outside of the region south-southwest of the Last Cove fault, regional variations in exhumation across the rest of Fiordland are largely gradational and cannot be correlated to any particular faults at present. Nevertheless, as mentioned above, as yet unrecognized structures may play a role in the pattern of cooling ages that we observe in the region.
Conclusion
[26] Our data show that at least some of the uplift of Fiordland, SW New Zealand, is accommodated by faulting within the plate. In particular, available mapping and our AHE ages indicate that the exhumation history southwest of the Last Cove fault may be partially decoupled from that to the north and east. Elsewhere, we conclude that differential exhumation across individual faults within Fiordland is unresolvable using our data.
[27] The general pattern of our new AHE and ZHE cooling ages from Fiordland confirm and expand on previous results. New data from southwest Fiordland agree with our earlier hypothesis that rapid exhumation in southern Fiordland initiated at 12 Ma [House et al., 2002] . Younger cooling ages in the north may reflect either the northward migration of the locus of onset of uplift and exhumation related to subduction initiation, or the onset of exhumation may have been synchronous, but with greater exhumation rates in the north. These alternative hypotheses can only be resolved through analysis of a larger data set that includes systems with a range of closure temperatures. In light of this conclusion, further data collection, analysis and modeling are underway to resolve the geodynamic hypotheses that this data set has allowed us to form.
